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ABSTRACT

Atmospheric ultrafine particles (UFP) and their associated sources and sinks continue to
attract significant research attention in climate and air pollution science. Vegetation is an
important sink for UFP given its large area coverage. What remains a subject of inquiry are
the aerodynamic and electromagnetic processes governing the aforementioned vegetation
sink. Single fiber theory can explain deposition of zero charged UFP onto vegetation by
treating vegetation as filter media. However, the ability of single fiber theory to predict
deposition of charged UFP onto vegetation remains to be explored and frames the scope
here. Wind tunnel experiments were used to investigate UFP dry deposition onto Juniper
branches (Juniperus chinesis) under three different wind speeds (0.3, 0.6, and 0.9m/s).
Results indicate that the single fiber theory can describe the deposition of singly charged
particles onto vegetation if both the image force and Brownian diffusion are simultaneously
considered. The image force can be expressed by 24:5

ffiffiffiffiffiffiffi

KIM
p

when the image force dimen-
sionless number (KIM) is smaller than 10!8. It is shown that the single fiber filtration model
and the wind tunnel measurements mostly agree to within 20%. The main finding here is
that the image force at smaller KIM (10!10 " 10!8) increases deposition of charged UFP
onto vegetation. Because filtration theory can be readily accommodated in fluid transport
formulations as a boundary condition, the findings regarding charge enhance UFP depos-
ition schemes that can be used in air quality and climate models.
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1. Introduction

Atmospheric ultrafine particles (UFP, particles with

the diameter <100 nm) are characterized by large

number and surface area concentrations. In some

urban settings such as Helsinki (Finland) and Los

Angeles, California (USA), UFP contribute over 80%

of the total particle number concentration (Hussein

et al. 2004; Moore et al. 2009). The large surface area

and number concentration enables UFP to carry haz-

ardous substances such as metals and organic com-

pounds that produce reactive oxygen species (ROS)

(Faiola et al. 2011; Schmid et al. 2009), which in

turn can induce adverse health effects such as

chronic obstructive pulmonary disease (COPD) and

asthma as discussed elsewhere (Dick et al. 2003).

Epidemiological studies have also linked UFP

exposure with respiratory and cardiovascular diseases,

and mortality (Ostro et al. 2015; Peters et al. 1997;

Wichmann and Peters 2000).

Vegetation reduces the heat island effect and noise

pollution in urban environments and can efficiently

remove certain air pollutants (Hagler et al. 2012;

Hosseini et al. 2016; Morakinyo and Lam 2016). Over

land, vegetation can act as a significant UFP sink

given its large areal coverage (Hansen et al. 2000;

Katul et al. 2010; Katul and Poggi 2011). Because of

their small size, the primary deposition mechanism

for UFP at zero charge is Brownian diffusion (Petroff

et al. 2008). Some models have been proposed to

describe the deposition of UFP onto vegetation and a

number of attempts have been made to link all these

models to some general formulation (Huang et al.

2014; Huang et al. 2013; Huang et al. 2015; Lin, Katul,
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and Khlystov 2012; Lin and Khlystov 2012; Neft et al.

2016). By contrast, the deposition of charged particles

onto vegetation is not well studied, especially in the

UFP size range. The percentage of singly charged UFP

can be up to 46% in adjacent roadway environments

for 100 nm particles (Lee, Xu, and Zhu 2012). Even at

Boltzmann charge equilibrium, which is commonly

encountered in indoor air (Buckley, Wright, and

Henshaw 2008), the singly charged UFP still contrib-

ute a significant percentage to the total UFP number

concentration. Charged particles are more likely to

deposit in the human lung and cause cell membrane

rupture than uncharged particles (Cohen et al. 1998;

Ting and Wang 2011). Therefore, the deposition

mechanism for charged UFP is drawing attention in

both health sciences and climate change research.

For charged UFP, another important aerosol depos-

ition mechanism to consider besides Brownian motion

is the electrostatic force. Two different kinds of elec-

trostatic forces exist for charged particles and are: (1)

the Coulomb force if the deposition surface is also

charged and (2) the image force (EIM) if the depos-

ition surface is neutral. Vegetation surfaces may vary

from neutral to charged, especially when covered by

snow (Gordon and Taylor 2009). However, given the

scarcity of experiments on charged particles, a logical

starting point is to consider a neutral surface first,

which frames the scope here. In the absence of exter-

nal electric field (as is the case here), the only electro-

static force is the so-called “image force.” The image

force can be expressed as:

EIM ¼ b%
ffiffiffiffiffiffiffiffi

KIM

p
; (1)

where b is a constant that reportedly ranges from 1.5

to 9.69 depending on particle size, particle charge, and

filter type (Alonso et al. 2007; Lundgren and Whitby

1965; Yoshioka, Emi, and Tamori 1968). KIM is the

image force dimensionless number representing the

ratio of electrostatic drift velocity to the flow field vel-

ocity, expressed as (Kraemer and Johnstone 1955):

KIM ¼
ef!1
ef þ 1

" #

Cc % N2 % e2

12% p2 % l% e0 % U0 % dp % d2f
;

(2)

where ef is fiber dielectric constant, e0 is vacuum

dielectric constant, N is the number of elementary

charge units, e is elementary charge, m is the air vis-

cosity, U0 is the approach velocity, dp is particle diam-

eter, df is fiber diameter, and Cc is the Cunningham

slip correction coefficient. Most of the previous stud-

ies considered particle sizes (0.1–1 mm) that are much

larger than UFP and highly charged particles (each

particle has up to 320 elementary charges). These con-

ditions yield a KIM larger than 10!6 (Lundgren and

Whitby 1965; Yoshioka, Emi, and Tamori 1968). Few

studies did focus on the UFP range with smaller par-

ticle charge. One study points out that the image force

of UFP cannot be neglected even when KIM is

10!7–10!5 (Alonso et al. 2007). However, conditions

when KIM is smaller than 10!7, a condition that may

be encountered in nature, were not investigated. This

may lead to bias in prediction of particle deposition if

the aforementioned image force is not considered.

To explore the role of the image force at small KIM

for charged UFP, the deposition of singly charged UFP

onto a neutral vegetation surface is considered. The par-

ticle size range the experiments (12.6–100nm) obtained

from the Scanning Mobility Particle Sizer (SMPS) covers

most of the UFP size range. The main result here is

that the image force was found to be 24.5%
ffiffiffiffiffiffiffiffi

KIM

p
,

meaning that the
ffiffiffiffiffiffiffiffi

KIM

p
scaling is maintained but the

proportionality constant (¼24.5) is much larger than the

1.5–9.69 reported earlier for KIM > 10!7. When consid-

ering both the image force and Brownian diffusion, the

single fiber theory can be applied to describe the depos-

ition of singly charged UFP onto vegetation.

2. Methods

2.1. Experimental setup

The experimental setup used here largely follows that

described in Huang et al. (2013). Figure 1 shows a

sketch of the experimental setup using densely packed

vegetated branches in a wind tunnel (16 cm wide,

18 cm high, and 226 cm in length). The particle source

was produced by mixing room air with particles gen-

erated from two burning candles in the mixing cham-

ber (30 cm wide, 57 cm high, and 545 cm in length).

The reason for using candles is their high UFP pro-

duction rate needed to achieve reliably measurable

Figure 1. A sketch of the wind tunnel experimental setup.
Illustration of the experimental setup showing the vegetated
section inside the wind tunnel, the particle generation inside
the mixing chamber and the location of the meshes to hom-
ogenize the inflow velocity. The neutralizer and the SMPS unit
used to measure concentrations are also shown. The air flow
direction is from left to right.

2 M.-Y. LIN ET AL.



particle concentrations after mixing with the air flow

in the wind tunnel. The particle size distribution gen-

erated by candles provides a sufficient number of par-

ticles at all sizes in the UFP size range. To ensure that

the particle flow is homogenous, air flow first passes

through three layers of meshes (grid is 1.55mm wide

and 1.72mm high) before entering the wind tunnel.

We placed a vaneometer (model 480 Dwyer, IN,

USA) 90 cm upstream of the vegetation in the wind

tunnel to measure the time and area-averaged velocity

U0. Fresh Juniper branches (Juniperus chinesis) were

selected as the test vegetation, due to their rigid nee-

dle shape, which is common among coniferous vege-

tation species. As seen in Figure 2, the juniper

branches were bundled together vertically and distrib-

uted uniformly in the wind tunnel. The total vegeta-

tion section was 84 cm (vegetation width and height

entirely cover the wind tunnel dimensions).

A Scanning Mobility Particle Sizer (SMPS, model

3080 with a CPC 3010, TSI Inc., MN. USA) was used

to measure the particle concentration at ports before

and after the vegetation section. Three different wind

speeds (U0 ¼ 0.3, 0.6, and 0.9m/s) were tested. For

each U0, six sets of size distribution scans were per-

formed. Each set contains one upstream and one

downstream measurement. The SMPS scan rate was

set to 90 s upscan and 30 s downscan. We also

accounted for the sampling differences between the

two ports by sampling without the vegetation. The

test results indicate the differences between the two

ports were within 10%.

At the end of the experiment, the vegetation volume

was determined by submerging the branches in a 1L

graded cylinder (SIBATA, Saitama, Japan) that was half-

filled with water. Vegetation leaf area (¼6.38m2) was

computed by first scanning the leaf using a scanner

(Epson Perfection V30, Tokyo, Japan) and then using

an image processing routine to convert image pixels

into leaf area using a MATLAB image analysis func-

tions. The leaf area used here resulted in a packing

density defined as vegetation volume to total volume

ðaÞ of about 11.7%. The Leaf Area Density (LAD),

which is defined as the vegetation surface area per unit

volume, was around 264m2/m3. To minimize the

changes in vegetation volume and leaf area, the experi-

ments were completed within 48 h after harvesting the

branches from the field. Since the experiments were per-

formed in a temperature- and RH-controlled room, the

vegetation volume change was less than 5% during each

experiment, indicating minimal plant material drying.

2.2. Filtration theory

The single-fiber filtration theory was first used to

describe the particle penetration of fibrous filters

(Wiedensohler and Fissan 1988). According to the

single-fiber filtration theory, the filter’s particle collec-

tion efficiency (E), and particle penetration efficiency

(P) can be expressed as (Brown 1993):

E ¼ 1! exp
!4% a% ER % l

p% df % 1!að Þ

 !

¼ 1! exp
!4% a% ED % l

p% df % 1!að Þ

 !

;

(3)

P ¼ 1! E ¼ exp
!4% a% ER % l

p% df % 1!að Þ

 !

: (4)

In Equations (3) and (4), l is the thickness of the

filter, which is the length of the wind tunnel section

filled with vegetation here; EP is the overall collection

efficiency of a single fiber that incorporates collection

Figure 2. Left panel is a single juniper branch. Right panel is a picture illustration of the juniper branches positioned in the
wind tunnel.
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due to diffusion (ED), impaction (EIMP), interception

(EINT) and the image force (EIM), the df is the diam-

eter of the fiber (effective diameter). Since impaction

and interception are both minor for charged and

uncharged UFP (Litschke and Kuttler 2008; Petroff

et al. 2008; Pryor et al. 2008), the main collection

mechanism for zero-charge UFP is Brownian diffu-

sion. Thus, the vegetation effective diameter can be

obtained by fitting Equation (4) to particle penetration

data when ED is the only UFP collection mechanism

to be considered. For both charged and uncharged

UFP, ED can be expressed using (Friedlander 2000):

ED ¼ 1:88% Reð Þ16 % Pe
!2
3 ; (5)

where Re is a particle Reynolds number defined as:

Re ¼ q% U0 % df

g
; (6)

where q is the air density, g is the air viscosity, and

Pe is the Peclet number expressed as:

Pe ¼ df % Uo

D

" #

; (7)

where D is the particle diffusion coefficient deter-

mined from the Stokes-Einstein equation expressed as

(Perrin 1910):

D ¼ k% T % Cc

3% p% g% dp

 !

; (8)

where k is the Boltzmann constant, T is temperature

(in K), and the previously defined Cc is needed when

calculating D. It is given as (Allen and Raabe 1982):

Cc ¼ 1þ k

dp
2:514þ 0:8% exp

!0:55% dp

k

" #' (

; (9)

where k is the molecular mean free path of air.

The D is inversely proportional to particle diam-

eter, which leads to a higher deposition efficiency for

smaller particles relative to larger ones.

2.2.1. Particle penetration for singly and zero

charged particle

The following equations are used to express the pene-

tration of singly positive (P1þ), singly negative (P1!)

and zero charged particle (P0):

P1þ ¼
n21þ

n11þ
singly chargeð Þ; P1! ¼

n21!

n11!
singly chargeð Þ;

P0 ¼
n20

n10
zero chargeð Þ; (10)

where ni,j (i is the location, 1 and 2 represents the

upstream and downstream of the wind tunnel,

respectively; j is the number of charge; þ and – indi-

cates positive and negative charges) represents the

UFP number concentration. The P1
þ was determined

by performing measurements with the SMPS neutral-

izer removed. This way, only charged particles are

detected by the SMPS. It should be noted that both

positively and negatively charged particles contribute

to the overall particle deposition. The total penetra-

tion efficiency, that is, of both neutral and charged

particles, Pt, measured when the neutralizer is used, is

given as:

Pt ¼
n2t

n1t
¼ n20 þ n21þ þ n21!

n10 þ n11þ þ n11!
: (11)

We then multiply both sides by n10 þ n11þ þ n11!ð Þ
to obtain:

Pt n10 þ n11þ þ n11!ð Þ ¼ n20 þ n21þ þ n21! : (12)

By combining Equations (10) and (12), we obtain:

Pt n10 þ n11þ þ n11!ð Þ ¼ n20 þ n21þ þ n21!

¼ n20 þ P1þ % n11þ þ P1! % n11! : (13)

In our experiments, we measured penetration only

of positively charged particles. It is reasonable to

assume that positively and negatively singly charged

particles have the same image force induced depos-

ition velocity and that the penetration for singly posi-

tively and negatively charged particle is the same.

Thus, P1þ ¼ P1! . Dividing Equation (13) by n10, we

obtain:

Pt 1þ n11þ

n10
þ n11!

n10

" #

¼ n20

n10
þ P1þ %

n11þ

n10
þ P1! %

n11!

n10

¼ P0 þ P1þ %
n11þ

n10
þ P1! %

n11!

n10

¼ P0 þ P1þ f
þ
1 þ P1þ f

!
1 ¼ Pt 1þ fþ1 þ f!1

) *

; (14)

where f1
þ¼n11þ/n10 and f1

!¼n11!/n10 is the fraction

of the singly positive and negative charged particle

over zero charged particle, respectively, at the

upstream sampling point. Since the particles are at

charge equilibrium, f1
þ and f1

! can be obtained from

a Boltzmann charge distribution given as

(Wiedensohler and Fissan 1988):

f Cð Þ ¼ 10

P

5

i¼0
ai Cð Þ log

dp
nm

) *i

' (

; (15)

where C¼ 1 and ai are the equation coefficients. The

penetration for zero charged particles can then be

obtained as:
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P0¼ Pt 1þ fþ1 þ f!1
) *

! P1þ f
þ
1 ! P1þ f

!
1 : (16)

The above derivation ignores contributions of

multiply charged particles. To assess the contribution

of multiply charged particles to the measured concen-

trations of charged particles, we used the TDMA

method. The first DMA was used to select particles of

25, 50, 75, and 100 nm electrical mobility diameters.

Size distributions of the selected particles were then

measured using an SMPS of the TDMA system and

the relative abundance of singly and multiply charged

particles were determined. These measurements

showed that concentrations of 2þ and 3þ particles at

each mobility size were less than 10% of the concen-

trations of singly charged particles, justifying our

approach to calculate P0 and P1þ here (Table 1).

3. Results and discussion

Figure 3 shows the UFP penetration with and without

using the neutralizer that is used to obtain Pt and P1,

respectively. These quantities can be used to calculate

P0. The measured penetration as a function of UFP

size for singly charged and neutral particles at all 3

wind speeds is shown in Figure 4. As expected,

increasing UFP size increases penetration (or reduces

dry deposition) for both particle types. For the small-

est resolved UFP size here, the singly charged particles

experienced lower penetration than their neutral

counterparts suggesting significant charge contribution

to the overall deposition at all 3 wind speeds. These

data are now used to explore the parameters needed

to describe EIM. In the following discussion, the

parameters of the single fiber theory model are first

derived when considering both the Brownian diffusion

and the image force. The derived model parameters

are then used to predict the penetration of singly

charged and zero charged particles. The model per-

formance is assessed by comparing its predictions

with the experimental results.

3.1. Single fiber theory model parameterization

Brownian diffusion and the image force are the two pri-

mary deposition mechanisms for UFP here. In single

fiber theory, the total collection mechanism may be

treated as the superposition of each collection mechan-

ism though interactive effects between them may not be

small as discussed elsewhere (Lee et al. 2002; Ramarao,

Tien, and Mohan 1994). To explore possible interactive

effects, the total collection efficiency (EP) is assumed to

be the sum of Brownian diffusion (ED), the image force

(EIM) and possible interactive effect (assumed to be

multiplicative) given as:

ER ¼ ED þ EIM þ aRebPec
ffiffiffiffiffiffiffiffi

KIM

p
; (17)

where a, b, and c are the parameters for the inter-

active effects between ED and EIM that are sought for

different Uo. To interpret the interaction term, three

cases are considered: (i) When a¼ 0, the interactive

effect can be ignored. (ii) When a is finite but b and c

are near-zero, then there is no dynamic interaction

between ED and EIM, and to a leading order, it is stat-

istically impossible to distinguish between interactive

effects and modifying b by a. (iii) When all coeffi-

cients are finite, then the interaction term is dynamic-

ally significant and can be delineated from the

experiments. Upon substituting Equations (1) and (5)

into Equation (17), the following is obtained:

ER ! ED ! EIM ¼ ER ! 1:88% Reð Þ16 % Pe
!2
3 ! b

ffiffiffiffiffiffiffiffi

KIM

p

¼ aRebPec
ffiffiffiffiffiffiffiffi

KIM

p
: (18)

Taking the natural logarithm of both sides yields:

log ER!ED!EIMð Þ ¼ logaþ blogReþ clogPeþ 0:5logKIM:

(19)

This form is now amenable to linear regression

analysis for parameter estimation. We first use linear

regression analysis to find the interaction parameters

(a, b, and c) at different (but pre-fixed) b. Then, b is

varied and the analysis is repeated to determine a, b,

and c until b that minimizes the root mean square

percentage error (RMSPE) between model and meas-

urements is found. The RMSPE is defined as:

RMSPE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

M

X

M

i¼1
residue2i

v

u

u

t % 100; (20)

where M is the number of measured points and resi-

due is the difference between the model and measure-

ments for point i. When this procedure is applied to

the data, b¼ 14.4 and the corresponding a, b, and c

values are 10.1, 0.03, and !0.03, respectively.

Equation (18) becomes:

ER ¼ ED þ 14:4
ffiffiffiffiffiffiffiffi

KIM

p
þ 10:1Re0:03Pe!0:03

ffiffiffiffiffiffiffiffi

KIM

p
: (21)

In the third term of Equation (21), Re0.03 and

Pe!0.03 are sufficiently close to unity so that their

Table 1. Percentage of the singly, doubly, and triply charged
particle at different sizes (25, 50, 75, and 100 nm) from
TDMA results.

25 nm 50 nm 75 nm 100 nm

þ1 97.7 % 94.7% 93.3 % 92.9 %
þ2 2.2 % 5.2 % 6.6 % 7 %
þ3 <1 % <1 % <1 % <1 %

AEROSOL SCIENCE AND TECHNOLOGY 5



effect may be omitted from the analysis. Hence, the

main terms involving
ffiffiffiffiffiffiffiffi

KIM

p
are now lumped together

to yield 24.5%
ffiffiffiffiffiffiffiffi

KIM

p
and Equation (21) can be

expressed as:

ER ¼ ED þ EIM ) ED þ 24:5
ffiffiffiffiffiffiffiffi

KIM

p
: (22)

Since the optimal interaction term here does not

include any Re or Pe dependency despite the large

variations in Uo and dp, then there is no “dynamic”

interaction between ED and EIM and the analysis can-

not distinguish between interactive effects or

Figure 3. Penetration values as a function of UFP diameter dp with (blue) and without (red) the neutralizer in the wind tunnel for
different mean wind speeds Uo.

Figure 4. The comparison between measured and fitted penetration values for zero charged (top row) and singly charged (bottom
row) particles as a function of UFP diameter.
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increasing the coefficient b to 24.5 while ignoring the

interaction term. By incorporating published studies, a

“meta-analysis” is now conducted to assess whether

EIM ¼ 24.5%
ffiffiffiffiffiffiffiffi

KIM

p
agrees with other image force

studies summarized in Table 2. Although the size

range is similar to those reported in another study

conducted by Alonso et al. (2007), the dimensionless

number KIM (10!10 " 10!8) in this study is smaller

than Alonso’s study where KIM (10!7 " 10!5). Since

KIM is known to affect the image force, the b value

from our study is larger than the Alonso’s study.

However, it should be noted that the trend is similar

for both studies, with b values increasing with a

decreasing KIM, regardless of the filter material used

(Figure 5). Due to the increase in b value as KIM

decreases, the image force cannot be ignored even

when KIM is as small as 10!10. Figure 6 shows the

KIM plotted against the image force efficiencies (EIM),

which was obtained by subtracting the diffusion term

from the experimentally measured penetration values

in Equation (22).

3.2. Model goodness of fit

Table 3 shows the coefficient of determination (R2)

and RMSPE values when fitting the model to all the

measurements for singly charged and zero charged

particles. The R2 exceeded 0.5 for all 3 Uo runs and

the RMSPE values did not exceed 67%. Larger

RMSPE values for singly charged particles as com-

pared to zero charged particles can be attributed to

uncertainties in the image force term in Equation

(21). Figure 4 illustrates the penetration of zero and

singly charged UFP at different wind speeds for the

measurement and model results. Results indicate that

the penetration values for singly charged particles are

consistently lower than those for zero charged par-

ticles, which can only be interpreted as enhanced

vegetation collection due to the image force (as

expected). Thus, the image force cannot be neglected

when describing the collection by vegetation even for

UFP as small as 12 nm. It should be noted that when

the wind speed is at 0.6 m/s, the penetration value

for singly charged and zero charged particle are simi-

lar in the particle diameter range of 40–102 nm. This

could be attributed to the larger measurement uncer-

tainty for zero charged particles at this size range

(see error bar in Figure 4). Figure 7 shows the mod-

eled and measurement penetration values for both

zero charged and singly charged particles. Overall,

the penetration is lower for singly charged particles

as compared to zero charged particles due to the

image force. The calibrated model results and meas-

urements mostly deviate by less than 20%, showing

that the single fiber theory can be used to describe

the vegetation collection efficiency of singly charged

and zero charged UFP. Larger deviations were evi-

dent for singly charged particle as compared to zero

charged UFP, probably due to uncertainties in the

image force term.

Figure 5. The coefficient b as a function of KIM for different
studies. Note the increase in b with declining KIM.

Figure 6. The relation between single fiber efficiency of image
force (EIM) and the dimensionless number (KIM) for the 3 wind
speed conditions.

Table 2. Comparison of the image force in single fiber theory from different studies.

EIM ¼ b%
ffiffiffiffiffiffi

KIM
p

KIM Particle size Filter type References

EIM ¼ 1.5%
ffiffiffiffiffiffi

KIM
p

10!6 " 10!2 0.1 and 1 lm Felt, urethane, and special glass Lundgren and Whitby (1965)
EIM ¼ 2.3%

ffiffiffiffiffiffi

KIM
p

10!6 " 10!3 1 lm Glass fiber Yoshioka, Emi, and Tamori (1968)
EIM ¼ 9.7%

ffiffiffiffiffiffi

KIM
p

EIM ¼ 29.7%KIM0.59 10!7 " 10!5 25–65 nm Aluminum and Stainless steel Wire screen Alonso et al. (2007)
EIM ¼ 24.5%

ffiffiffiffiffiffi

KIM
p

10!10 " 10!8 12.6–102 nm Vegetation This study

AEROSOL SCIENCE AND TECHNOLOGY 7



4. Conclusions

Filtration theory, when considering both Brownian

diffusion and image force can reasonably explain the

deposition of singly charged UFP onto vegetation.

Measurement and model results mostly do not deviate

by more than 20% and the R2 and RMSPE values

were larger than 0.5 and less than 67%, respectively,

indicating that the vegetation can be reasonably

treated as fibers. The derived image force from the

experiments here can be summarized by 24.5%
ffiffiffiffiffiffiffiffi

KIM

p
,

which agree with other studies that show the effective

b increases with decreasing KIM. When interpreted

across experiments, the increase in b with decreasing

KIM may be approximated by a power-law with an

exponent that is larger than 0.5 in magnitude. Hence,

the product of b
ffiffiffiffiffiffiffiffi

KIM

p
will increase with decreasing

KIM. This study is limited to the UFP particle removal

of certain charge by a certain vegetation species.

While the results of this study could probably be

applied to describe deposition of charged UFP to

other vegetation species with similar leaf morphology,

further wind tunnel and field studies with other vege-

tation types are needed to verify the application of

single fiber theory to the removal of charged UFP at

different KIM. This is the first study to characterize

the contribution of image force to deposition of singly

charged particle to vegetation at such small KIM. The

novelty may be viewed as twofold: (1) The data from

experiments at very small KIM empirically showing

that the image force can still explain enhanced depos-

ition when referenced to neutral particles, and (2) fil-

tration theory modified to include the aforementioned

image force reproduces the experiments for all 3 wind

speeds considered. Single fiber theory can be applied

to describe the particle deposition of charged UFP for

junipers and potentially other confiner species where

the vegetation morphology is more similar to the

fiber. For other vegetation type such as broadleaf,

other models such as the porous canopy are more

suited (Lin, Katul, and Khlystov 2012). It is safe to

state that when describing the UFP collection mech-

anism onto vegetation, the image force needs to be

considered even for 12 nm singly charged UFP that

have very small KIM ("10!10).
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